The low frequency cerebral blood flow velocity (CBFV) oscillations in neonates are commonly attributed to an underdampened immature linear type cerebral autoregulation, and the 'instability' is regarded as causative for peri-intraventricular haemorrhage/periventricular leukomalacia. In contrast, oscillations susceptible to frequency entrainment are a fundamental part of the stable function of non-linear control systems. To classify the autoregulation an observational study was done on the relationship between CBFV oscillations, heart rate variability, and artificial ventilation. In 10 preterm neonates (gestational age 26 to 35 weeks) we serially Doppler traced arterial CBFV continuously for 12 minutes between days 1 and 49 of life. The individual time series of CBFV and heart rate were subjected to spectral analysis. Forty six of 47 tracings showed significant low frequency CBFV oscillations. Low frequency heart rate oscillations were not a prerequisite thereof. All patients with <300/0 of total power in the low frequency band In general, oscillations of non-linear systems do not reflect underdampening of the system as they do in linear systems, and thus by no means are an a priori sign of instability. Instead, they are a fundamental part of the control system comparable with the on-off periodicity observed in a properly working home refrigerator. 
regarded as causative for peri-intraventricular haemorrhage/periventricular leukomalacia. In contrast, oscillations susceptible to frequency entrainment are a fundamental part of the stable function of non-linear control systems. To classify the autoregulation an observational study was done on the relationship between CBFV oscillations, heart rate variability, and artificial ventilation. In 10 preterm neonates (gestational age 26 to 35 weeks) we serially Doppler traced arterial CBFV continuously for 12 minutes between days 1 and 49 of life. The individual time series of CBFV and heart rate were subjected to spectral analysis. Forty six of 47 tracings showed significant low frequency CBFV oscillations. Low frequency heart rate oscillations were not a prerequisite thereof. All patients with <300/0 of total power in the low frequency band of CBFV oscillations were on the ventilator. Three of them demonstrated a shift of spectral power from low frequency to a frequency equal or harmonic to the ventilator rate indicating entrainment. The findings of CBFV oscillations combined with entrainment classify the autoregulation as a nonlinear system. It is suggested that entrainment by periodic high amplitude stimuli might challenge the regulatory capacity to its limits thus increasing the risk for cerebral damage. (Arch Dis Child 1994; 70: FI66-F173) In preterm infants, cyclical variations of cerebral blood flow velocity (CBFV), assessed by Doppler sonography, and fluctuations of the cerebral blood volume detected by near infrared spectroscopy have a frequency of 1 to 5/min (0-02 to 008 Hz).l-4 This slow variability pattern was attributed to the instability of a presumably underdampened immature cerebral autoregulation system. of less than 5 degrees. The sample volume was set to 5 mm and a 100 Hz high pass filter was used to reject the components of the Doppler signal due to oscillations of the arterial vessel wall. In fixing the probe we used a recently developed vacuum rubber hood.'8 After fixation, under direct visual and acoustic control, the depth of the sample volume could be readjusted both mechanically by usage of the hood's special properties and electronically. Attachment and positioning of the probe typically took two to three minutes. The probe was connected to a Hewlett Packard HP SONOS 500 device by a super flexible cable. The SONOS 500 was interfaced to an AT compatible personal computer. 17 Custom software derived the maximum frequency envelope from the spectra online. Data for systolic, mean, and diastolic velocity as well as heart rate were calculated beat by beat and electronically stored. The Doppler unit was mounted on a trolley and could be wheeled to the cot side.
PROTOCOL
Recordings of CBFV oscillations were obtained in the 10 infants when they had stabilised for the first time (typically day 1 or 2 of life) and at about weekly intervals thereafter until discharge (table 2) . We obtained a total of 47 recordings. There were one to 10 measurements on each infant. Each recording lasted 12 to 15 minutes. As each recording was analysed by fast Fourier transformation as an entire period later on, and the sleep state changed several times during the tracing, data on behavioural states were excluded from evaluation.
The quality of the Doppler signal was controlled acoustically during the whole measurement period and the recording was terminated in case of depositioning of the sample volume indicated by a sudden change in Doppler sound. Only 12 to 15 minute segments free of artifacts were used for analysis. Before each measurement each patient had a complete cerebral ultrasound scan for hydrocephalus, PIVH, and PVL done by a skilled operator. Standard views as well as the total Doppler measurements were videotaped for later assessment if necessary. There was no attempt made to obtain systematically continuous blood pressure measurements as only a minority of the patients had indwelling arterial catheters. In the ventilated infants, transcutaneously monitored blood gases (oxygen tension (Pao2), carbon dioxide tension (PaCo2) by TCM2 (Radiometer), and oxygen saturation by oximeter (Radiometer)) were in the normal range. All measurements were made under the usual clinical conditions with ventilator settings prescribed by independent clinicians (table 2).
ANALYSIS AND STATISTICS
Two types of data have been studied: heart rate variability and CBFV oscillations. The instantaneous heart rate and corresponding values The spectral power estimates of heart rate variability and CBFV oscillations were calculated as cumulated spectral ordinates for a low frequency band from 0-02 to 0-08 Hz according to prior investigationsl 3 and for a band greater 0-08 Hz up to the Nyquist limit of 0.5
Hz.19 The one sample z test20 was used to decide whether the local power content was disproportionately increased. (The more common x2 test would have been an alternative choice. For the comparison of single proportions, Shott recommends the one sample z test.20)
We performed a cross correlation between heart rate and systolic CBFV on all measurements.
Results
In all but one recording, systolic CBFV oscillations showed a significantly increased spectral power content in the low frequency region relative to the 12-5% of total spectral power expected from a flat spectrum (p<00001, one sample z test). Expressed as percentage of the total power spectrum, the values are given in table 2.
A typical plot of systolic velocity and diastolic velocity is shown in fig 1. The synchronous slow variation in the two graphs with a periodicity of about 20 seconds corresponding to a frequency of 005 Hz is obvious. The Doppler measurement of diastolic CBFV is more susceptible to disturbances and errors than that of the systolic CBFV.1 21 Although qualitatively the same results were obtained for systolic CBFV as for diastolic CBFV (p<0-0006, one sample z test), we will focus on systolic CBFV in this study.
In each of three infants once a distinct CBFV oscillation power spectrum was obtained that indicated the presence of entrainment by respiration. As shown in table 2, these preterm neonates belonged to the group of infants that were intubated and artificially ventilated with ventilator rates of 25, 12, and 24/min and corresponding pressures of PIP/positive end expiratory pressure (PEEP) of 13/3, 14/2 5, and 17/4 cm H20.
Figure 2 illustrates these findings in respect to patient 4, the newborn with third degree atrioventricular block of unknown origin. On the first day of life, the patient required assisted ventilation at a rate of 45/min (pressure 22/3 cm H20). Although heart rate modulations in the low frequency range were absent (1 1-3% of total power, not significant by one sample z test), she expressed low frequency oscillations in CBFV (64-4% of total power, fig 2A, (fig 3A) , whereas diminished power of the low frequency band of both CBFV oscillations and heart rate variability at day 3 may be attributed to a ventilator rate of 1 2/min _ (pressure 14/2-5 cm H20) and a connected Vsprocess of entrainment. Two peaks in the power spectra within the same frequency range as the ventilator rate were observed (figs 3B Vd~a nd C). Finally, patient 9 (fig 4) appeared with _ identical patterns of entrainment behaviour at day 2 of life. In contrast to patient 1, only CBFV oscillations but not heart rate variability 400 500 was entrained by mechanical ventilation with a frequency of 24/min (pressure 17/4 cm H20). This patient had no intracranial or other obvious pathology except prematurity and respiratory distress syndrome, and this is consistent with the premise that entrainment of CBFV oscillations by artificial ventilation cannot be accounted for by intracranial pathology.
In another five recordings, the amplitude of the stimulus was not high enough to entrain the CBFV oscillations completely and to diminish the low frequency region to values below the spectral power attributable to the stimulus. One of these five recordings is given as an example in fig 5. Patients 3 and 6 displayed power spectra of CBFV containing peaks at the ventilation frequency of 15, 16, 20, 27 (patient 3) and 28/min (patient 6).
In the five infants with more than seven consecutive CBFV measurements each, individual linear regression analyses of relative power of CBFV oscillations in the low frequency region with postnatal age showed no significant correlation coefficient for any baby (p>005, data not shown).
Heart rate variability will be addressed in depth in a separate paper; suffice to say that a newborn with third degree congenital heart block five of eight heart rate variability power spectra showed less than 30% of total power in the low frequency band. Surprisingly, infants with an evenly distributed heart rate variability power spectrum without high power density in the low frequency region showed CBFV oscillations identical to infants with high spectral power content in this particular region. Cross correlation revealed no time correlation between heart rate variability and CBFV oscillations. The presence of CBFV oscillations is compatible with our postulate of a non-linear central cerebral blood flow control system comparable with both the blood pressure control system and the central thermoregulation. Indeed the entire neural autoregulation system is assumed to consist of a central 'bang-bang' element that might be understood as a discrete element as well as the sum of a number of operators in the central nervous system autonomous afference and efference fibres, smooth muscle receptors, and vascular (vessel wall) muscles. 23 setting, we could vary neither the frequency nor the amplitude of disturbance delivered to the system by the mechanical ventilation, and entrainment was observed under common clinical conditions. As entrainment is a func--tion of the amplitude of the disturbing stimulus that varies considerably depending on lung .compliance and PIP used, the range of entrainment will probably differ slightly in different experimental settings. Frequency (Hz) Figure 4 Power spectra of (A) heart rate variability and (B) systolic (Vs) CBFV oscillations ofpatient 9 at day 2 of life. As there is a striking parallelism between low frequency heart rate variability and CBFV oscillations, it is tempting to speculate that the latter is the intracranial observable sign of left ventricular output changes at a frequency of 002 to 0-08 Hz. Two arguments obviously contradict this explanation. (1) CBFV oscillations were observed by us and others despite the fact that these patients showed no signs of low frequency heart rate variability or variability of I mean arterial blood pressure.' (2) Winberg and Ergander recently studied the relationship between heart rate, left ventricular output, and stroke volume during fluctuations in heart rate in preterm newborns with postnatal ages of 1 to 21 days.28 They found the heart rate changes 0o5 inversely related to changes in stroke volume.
Heart rate variability produced a minimal effect T~on left ventricular output. To summarise, it appears unlikely that heart rate variability is the cause of CBFV oscillations.
NON-LINEAR CONTROL SYSTEM AND PIVH
Although not undisputed,13 several authors have suggested that cerebral blood flow beat to beat variability in respiratory distress syndrome triggers severe PIVH in preterm neonates.7 9
One study has convincingly shown that paralysing the infants at risk decreased the overall incidence of PIVH, and to an even greater extent decreased the rate of severe grade 3 to 4 PIVH." Pancuronium seemed to abolish the beat to beat variability of CBFV in ventilated infants with respiratory distress syndrome11 and also decreased the variability = of arterial blood pressure from 5% down to 05 1 
